ABSTRACT Male reproductive success is dependent on insemination success and reproductive output. During mating, male mosquitoes transfer not just sperm, but also seminal ßuid proteins that may have profound effects on mated female biology and behavior. In this study, we investigated the role of male body size and mating history on semen depletion, female longevity, and reproductive success in Aedes aegypti L. Small and large males were mated in rapid succession with up to Þve females. Our results indicate that large males had greater mating capacity than small males. A reduction in fecundity by Ͼ50% was observed in females that were fourth to mate with small males in comparison with females that mated earlier in sequence. For females mated to large males, this reduction became evident for females that mated Þfth in sequence. No loss of fertility (measured as hatch rate) was observed in females that were third-Þfth in mating sequence compared with females mated to virgin males. When females were maintained on a low-quality (5% sucrose) diet, those mated to virgin males had a greater longevity compared with females mated third in sequence. We conclude that small males experience more rapid seminal depletion than large males, and discuss the role of semen depletion in the mated female. Our results contribute toward a better understanding of the complexity of Ae. aegypti mating biology and provide reÞned estimates of mating capacity for genetic control efforts.
Aedes aegypti L. is the principal vector of the four serotypes of dengue virus that cause dengue and dengue hemorrhagic fever throughout the tropics (Gubler 2002) . The only way to combat dengue is through vector control because there is no licensed vaccine or antiviral treatment currently available (Swaminathan and Khanna 2009, Webster et al. 2009 ). Classic methods of vector control focus on reduction of larval breeding sites (WHO 1997 ) and use of insecticides; however, these approaches are not always successful in reducing disease burden (Ooi et al. 2006, Knox and . Genetic control strategies to target disease vectors have received considerable attention over recent years (James 2007 , Knols et al. 2007 , Speranca and Capurro 2007 , Aldridge 2008 , Marshall and Taylor 2009 , and Ae. aegypti is one of the candidate species for which genetic strategies are being devised (Olson et al. 2006 , Phuc et al. 2007 , Medlock et al. 2009 , Fu et al. 2010 . The success of genetic control strategies depends on the ability of released males to mate successfully with females in the local population. Consequently, a thorough knowledge of mosquito mating biology is required to determine baseline levels that genetically modiÞed males will need to attain to be successful and the variables most important for evaluating success (Ferguson et al. 2005 (Ferguson et al. , 2010 Scott et al. 2008; Magori et al. 2009 ).
Male Þtness is dependent on the number of females he can inseminate during his lifetime (Bateman 1948) and the total number of viable progeny those females produce. Males can be limited in the number of inseminations they achieve on a given day as a result of the depletion of semen (Wedell 2007) . Previous mating experiments with Ae. aegypti indicate that males are capable of inseminating four to six females consecutively (Gwadz and Craig 1970 , Jones 1973 , Foster and Lea 1975 . In these studies, insemination was conÞrmed by the presence of sperm in spermathecae, but female reproductive success after mating was not determined. In addition, the inßuence of male factors on mating success was not assessed, despite the fact that conditions such as body size may impact on male Þtness.
Variation in Ae. aegypti body size is primarily the result of larval conditions, and, in the Þeld, a wide range of sizes is observed (Schneider et al. 2004) . Greater body size is associated with increased male mating success in swarms of Anopheles freeborni (Yuval et al. 1993) ; however, in swarms of Anopheles gambiae and Anopheles funestus no such relationship is found (Charlwood et al. 2002 (Charlwood et al. , 2003 . Ae. aegypti have been observed to mate in close proximity to the host (Hartberg 1971 , Yuval 2006 , but factors associated with Ae. aegypti male mating success in the Þeld have not been determined. Males are considered to be polygynous, potentially mating with multiple females within 1 d, whereas females are considered to be generally monandrous over their lifetime (Clements 1999) . Normal sex ratios observed in the Þeld are 50:50, with average numbers of males per house ranging from 0 to 20 and varying considerably by house and region of the world (Harrington et al., unpublished data from Thailand, Mexico, and Puerto Rico) (Scott et al. 2000 , Garcia-Rejon et al. 2008 . Data collected from Ae. aegypti in the laboratory demonstrate the role of body size as a determinant of total sperm number in males (Ponlawat and Harrington 2007) , and the number of sperm transferred to females during mating (Ponlawat and Harrington 2009) .
Besides sperm, males in many species of arthropods transfer a large number of seminal ßuid proteins (Sfps) to females that can induce a wide range of behaviors (Gillott 2003 , Wolfner 2007 . In Drosophila, where the majority of the work has been conducted, Sfps enhance egg production, reduce receptivity to remating, alter immune responses and feeding behavior, facilitate sperm storage and use, and affect longevity (reviewed by Ravi Ram and Wolfner 2007) . Depletion of Sfps was demonstrated in Drosophila, where reduced amounts of two speciÞc proteins were transferred to females with each successive mating (Sirot et al. 2009 ). Previous experiments in Ae. aegypti established the role of partially puriÞed male accessory gland extracts in female sexual refractoriness (Fuchs et al. 1968 (Fuchs et al. , 1969 Fuchs and Hiss 1970) and the role of accessory gland secretions on fertility (Adlakha and Pillai 1975) . In addition, blood digestion, ovarian development, oviposition, and feeding behavior are all inßuenced by female mating status (Lavoipierre 1958 , Leahy and Craig 1965 , Edman 1970 , Downe 1975 , Klowden and Lea 1979 , Klowden and Chambers 1991 . Recently, a large number of putative Sfps have been identiÞed in Ae. aegypti (Sirot et al. 2008) and An. gambiae (Dottorini et al. 2007 , Rogers et al. 2009 ). Many of the Ae. aegypti Sfps are now conÞrmed to be transferred to females during mating (Sirot et al. 2011) .
Sfps can inßuence female life span, and, in some ßy species, longevity is negatively affected. In the Mediterranean fruit ßy Ceratitis capitata, virgin females live longer than nonvirgin females (Chapman et al. 1998) , and female Drosophila that mate at high frequencies have shortened life spans (Fowler and Partridge 1989) . In contrast, in the fruit ßy Anastrepha striata, females that were Þrst to copulate with a virgin male had a higher longevity than his subsequent mates (Pé rez-Staples and Aluja 2004), and a similar Þnding was observed in the houseßy Musca domestica (Arnqvist and André s 2006) and the butterßy Jalmenus evagoras (Hughes et al. 2000) . In other insects, for example, some monandrous butterßies, no effect of mating on female life span is observed (Svärd and Wiklund 1991 , Ward and Landolt 1995 , Lauwers and van Dyck 2006 .
In this study, we investigated Ae. aegypti male mating capacity and the effect of male mating history on female reproductive success and longevity. Male body size was manipulated by altering larval conditions to determine the role of body size on depletion, and it was anticipated that small males would be depleted sooner than large males. We predicted that semen depletion would result in a reduction of femaleÕs fecundity or fertility, and would affect female life span.
Materials and Methods
Mosquitoes. A Mexican strain of Ae. aegypti L. was used for this study. These mosquitoes originated from the Tapachula area (14Њ54ЈN, 92Њ15ЈW) and have been in colony since 2006. The strain is augmented yearly with wild mosquitoes from the collection site. Males were reared under standardized crowding and diet conditions to obtain small and large body sizes (for rearing details, see Ponlawat and Harrington 2007) . Females were reared to obtain medium body sizes (200 larvae/liter). Pupae were placed in individual vials for emergence and separated by sex after eclosion. Mosquitoes were maintained in cages (5 liter) with constant access to a 10% sucrose solution until experiments commenced. Mosquitoes were initially maintained at 23.1 Ϯ 2.7ЊC, 79.2 Ϯ 8.8% RH, and a photoperiod of 10D:10L with a 2-hr simulated dusk and dawn period. On day 45 in experiment I, climate conditions were changed to 25.9 Ϯ 0.6ЊC with 71.9 Ϯ 9.5% RH, and these conditions remained for all other experiments.
Matings. Five experiments using different cohorts of mosquitoes were performed. Females from these experiments were used for longevity studies, reproductive studies, or both (Table 1) . Mating experiments were conducted at 24.3 Ϯ 1.9 (SD)ЊC and 35.8 Ϯ 2.7% RH.
Fifty males (5Ð11 d; Table 1 ) of one body size (large or small) were placed in mating cage 1 (5 liter; treatment 1). Virgin females were introduced one or two at a time, and mating pairs that formed copulas for a minimum of 6 s were removed with an aspirator at the end of copulation (as indicated by a subtle leg movement of the female [Spielman 1964]) . Female age at the start of mating was between 3 and 12 d; however, within each experiment, female age range was between 1 and 3 d (Table 1) . Copulation time was recorded and categorized in time intervals as follows: 6 Ð 8 s, 8 Ð14 s, 15Ð20 s, and Ͼ20 s. Mated females were either transferred to a cage or an individual carton depending on the type of experiment (longevity or reproductive study; see below), and mated males were transferred to the next mating cage until 50 mating pairs had been collected (i.e., within 2Ð3 h). Subsequently, virgin females were introduced to the second cage (treatment 2), and again couples were removed as described above, with mated males transferred to the third cage (treatment 3). This procedure was continued until males had mated four times (cage 4, treatment 4) for small males. For large males in experiments II and III, the experiment was terminated after males had mated Þve times (cage 5, treatment 5). All matings for a given male body size (i.e., small or large males) from Þrst to last mating occurred within an 8-h interval. Across all experiments we observed 1,147 copulations. It was not always possible to remove both sexes before the couple disengaged from copulation, and in a small percentage of observations (5.1%) across all treatments, the male was lost in the cage.
Male wing length data were analyzed using nonparametric tests (Mann-Whitney U or Kruskal-Wallis). Wing length measurements conÞrmed that small males (1.86 Ϯ 0.01 [SEM] mm) were signiÞcantly smaller than large males (2.33 Ϯ 0.01 mm) for all experiments (U ϭ 4.0, df ϭ 1, P Ͻ 0.01). Wing lengths among small males were similar for all experiments ( 2 ϭ 5.9, df ϭ 2, P Ͼ 0.05). Wing length data of large males were signiÞcantly different between experiments ( 2 ϭ 23.8, df ϭ 3, P Ͻ 0.01) because of the slightly smaller size of large males in experiment II (Table 1) .
Reproductive Success. Twenty-Þve females from treatment 1 (i.e., inseminated by a virgin male), from treatment 3 (inseminated by a male mated twice previously), from treatment 4 (inseminated by a male mated three times previously), and from treatment 5 (inseminated by a male mated four times previously; only for large male experiments) were selected for continuation in reproduction or longevity studies (Table 1). We excluded females from treatment 2 to focus our efforts on the transition into a depleted state for small and large males. Females from these treatments will be referred to throughout the text as follows: treatment 1 females mated to large males (LM) or small males (SM) ϭ LM-1, SM-1; treatment 3 females ϭ LM-3, SM-3; treatment 4 females ϭ LM-4, SM-4; and treatment 5 females ϭ LM-5.
Females were transferred to individual containers and offered blood from the forearm of the authors (M.E.H.H./L.C.H., in accordance with Cornell UniversityÕs Institutional Review Board approved protocol 0906000050). Females that did not take a blood meal on day 1 were offered blood again the following day; nonfed females were discarded. Females from each treatment were divided approximately evenly between both human hosts with the exception of females mated to small males in experiment III that fed exclusively on M.E.H.H. Female individual containers consisted of a 0.5-liter paper carton with a mesh lid containing an oviposition vessel (90-ml cup lined with oviposition paper). Ten (experiment I and II) or 11 (experiment III) blood meal opportunities were offered every 2Ð 4 d for 5 min to each female over the course of the experiments. Blood-feeding frequency was recorded after each meal. Water present in the oviposition vessel was offered ad libitum. After each blood-feeding opportunity, females were offered a 5% sucrose solution on cotton wicks for 2 d. Eggs were removed regularly when blood was offered. After the blood feeding ended, any remaining eggs were removed when the female died. Sucrose (5%) was offered continuously after the last blood meal. Mortality was scored regularly (i.e., daily during blood feeding and then every 2Ð3 d thereafter) until around day 75 when the experiment was terminated, and the few remaining alive females were censored for analysis.
Female wing lengths were analyzed with general linear models. No differences were observed in female body size between treatments for each experiment (experiment I, F 8,131 ϭ 0.96, P Ͼ 0.05; experiment II, F 3,21 ϭ 1.51, P Ͼ 0.05; experiment III, F 3,78 ϭ 0.38, P Ͼ 0.05; experiment IV, F 3,48 ϭ 0.08, P Ͼ 0.05; experiment V, F 3,51 ϭ 0.19, P Ͼ 0.05). However, in experiment III, females used in the small male experiments were signiÞcantly smaller than females used in the large male experiment (F 1,78 ϭ 6.60, P Ͻ 0.05). Between experiments, some signiÞcant differences in female size were observed, but differences were small (F 5,350 ϭ 20.01, P Ͻ 0.01; Table 1 ).
Longevity. The life span of mated females from experiments I-III used in the reproduction studies was monitored. In addition, females mated to males in experiments IV and V were used to determine longevity on a low-quality diet (low sugar concentration, i.e., 5% sucrose; Table 1 ). Females were transferred to cages, and daily mortality was recorded until all died.
Fertility. We used egg hatch rate as a measure of fertility. Individual egg batches from females in experiments II and III were conditioned under high 
Five separate experiments were performed in which large (LM) or small (SM) males were mated in rapid succession with up to Þve females within 8 h. Male and female wing lengths Ϯ SEM (mm) and age in days at the start of each mating experiment are indicated. Females were either used for reproductive studies (R), longevity (L) studies, or both; treatments used for each are indicated. Letters indicate signiÞcant differences at the P Ͻ 0.05 level for each wing length column. For males, capital letters indicate signiÞcant differences between LM, and lower case letters between SM. humidity and stored until hatching. To determine hatch rate, individual egg papers were soaked for 1Ð3 d, and subsequently vacuum hatched for 30 min. A small amount of food was added on day 1 to stimulate hatching, and eggs were allowed to hatch for 7 d. Hatched larvae were removed, egg papers were dried and submersed in water the following day, and another small aliquot of food was added. Six to seven days later, a subsample of eggs (on average 59%) from each individual egg batch was examined for evidence of hatch (operculum open or closed) under a stereomicroscope. A total of 12,845 eggs from experiments II and III was screened. Only those egg batches with Ͼ25% of eggs screened were used in the analysis. In experiment II, egg batches from the Þrst egg collection were improperly stored and were excluded from analysis. Any egg batches laid after egg collection was terminated were not included in hatch rate estimates.
Statistical Analysis. All data were analyzed using SPSS v17 (SPSS, Chicago, IL). Before analysis, data were checked for normality. When possible, transformations were used to normalize the data. Bonferroni corrections were applied when multiple comparisons were made.
Female fecundity was determined per blood meal by dividing a femaleÕs total lifetime egg production by the number of blood meals taken. In experiment I, females from treatment 2 were dissected to determine insemination status; six of 71 females dissected (9%) were not inseminated, indicating a low rate of error in classifying true copulations. This error rate is likely consistent across experiments because the same two observers were involved. Because it was impossible to distinguish copulations that did not result in insemination and egg production from true depletion events, all females were included in the fecundity analysis (but see Discussion). Transformations of fecundity data did not result in normality, and nonparametric tests were employed (Mann-Whitney U and KruskalWallis). Treatments were compared for each body class between experiments, and when no statistical differences were observed they were combined.
Several life-table parameters including survival (l x ), expected number of daughters (m x ) assuming a 1:1 sex ratio, net reproductive rate R 0 (ϭ⌺l x m x ), and generation time T c (ϭ⌺xl x m x /R 0 ) were calculated for each experiment and treatment (Begon et al. 1996) . The intrinsic rate of increase (r) was calculated iteratively by solving EulerÕs equation (Begon et al. 1996) . A small number of females escaped or were accidentally killed (i.e., 7%), and these were not included in the analysis. Because eggs were not collected daily, the number of eggs collected was averaged over the number of days included in the collection interval.
The number of blood meals each female took was divided by the total number of blood meals offered to obtain blood-feeding frequencies. Only females that survived for all blood-feeding opportunities were included in the analysis. Data were analyzed with nonparametric tests (Kruskal-Wallis). Mating duration categorical data were analyzed using cross tabulation with 2 tests.
Fertility data (i.e., hatch rate) from individual egg batches were arcsine square root transformed, and the effects of male mating history and body class on hatch rates were analyzed with general linear models.
Longevity of females maintained on blood and sugar during the reproduction studies was analyzed with Cox regression survival analysis (Cox 1972) . Data were analyzed separately for each male size class to determine whether mating history had an effect on longevity, and all covariates (i.e., treatment, experiment, blood-feeding frequency, and host type) were initially entered in the model and then nonsigniÞcant terms were removed. To compare longevity of females between male size classes, a separate model including all data was run. Survival curves were derived from Kaplan-Meier analysis. Longevity of females in the sugar-only treatments was analyzed using KaplanMeier analysis for each male size class, and compared between treatments using Mantel-Cox log rank tests. Longevity data were not compared between diet regimes because of the time-dependent covariate bloodfeeding frequency.
Results

Female Reproduction and Fitness
Fecundity. Male mating history had a signiÞcant impact on female fecundity (number of eggs/number of blood meals) for both male size classes (Fig. 1 ). There were no signiÞcant differences in fecundity of females mated to large males between experiments for the various treatments, and data were combined. Females that mated Þfth in sequence (LM-5) had signiÞcantly reduced fecundity compared with females mated earlier in sequence ( 2 ϭ 24.97, df ϭ 3, P Ͻ 0.01; Fig. 1 ), suggesting semen depletion for large males mating a Þfth time. SigniÞcant differences in fecundity of females mated to small males were observed between experiments I and III, and data were analyzed separately. Females mated to small males fourth in sequence (SM-4) experienced a signiÞcant reduction in fecundity compared with females mated earlier in sequence in both experiments (experiment I, 2 ϭ 23.20, df ϭ 2, P Ͻ 0.01; experiment III, 2 ϭ 18.08, df ϭ 2, P Ͻ 0.01; Fig. 1 ). Male body size played a signiÞcant role in the rate of depletion, and small males became depleted earlier than large males (Fig. 1) .
Cumulative net reproductive rate (R 0 ) followed the same trend as the fecundity data, with females mated Þfth in sequence to large males showing a large reduction in R 0 , and the same was observed for females mated to small males fourth in sequence. Correspondingly, the intrinsic rate of increase (r) was reduced in treatments with low R 0 and generation time increased (Table 2) .
There were no signiÞcant differences in the percentage of females blood feeding in two of three experiments for females mated to males with different mating history or body size class (experiment I, 29 Ϯ 1% (SEM), 2 ϭ 3.97, df ϭ 5, P Ͼ 0.05; experiment III, 39 Ϯ 1%, 2 ϭ 4.04, df ϭ 5, P Ͼ 0.05). In experiment II, reduced feeding frequencies for females mated as the Þfth mate (LM-5, 26 Ϯ 3%) were observed compared with females mated earlier in sequence (35 Ϯ 2%; 2 ϭ 8.50, df ϭ 3, P Ͻ 0.05). Host blood source impacted fecundity in two of three experiments, when blood from one of the hosts imparted higher fecundity (experiment I, U ϭ 1,774.5, df ϭ 1, P Ͻ 0.01; experiment III (LM only), U ϭ 423, df ϭ 1, P Ͻ 0.01).
Male mating history had no effect on mating duration, and similar copulation times were recorded between treatments for most of the experiments (experiment II, 2 ϭ 9.90, df ϭ 12, P Ͼ 0.05; experiment III, 2 ϭ 5.23, df ϭ 8, P Ͼ 0.05; experiment V, 2 ϭ 9.83, df ϭ 6, P Ͼ 0.05). Male body size had no effect on mating duration, and similar times were recorded for small or large males ( 2 ϭ 4.05, df ϭ 3, P Ͼ 0.05). Fertility. For females that laid eggs, no loss of fertility was associated with mating history for small or large males, and egg hatch rates were similar between treatments (F 3,452 ϭ 0.12, P Ͼ 0.05), experiments (F 1,452 ϭ 0.89, P Ͼ 0.05), and male body size classes (F 1,452 ϭ 0.77, P Ͼ 0.05; Fig. 2 ).
Longevity
Sugar Only. When females were maintained on sugar only, being a later female reduced longevity when the male was large or small. Females mated to virgin large males (LM-1) experienced increased longevity compared with females mated third in sequence (LM-3; Fig. 3A) . A similar result was observed for small males, in which females mated as Þrst or second mates had increased longevity compared with females mated third in sequence (Fig. 3B) . Females mated to small males had signiÞcantly lower overall longevity compared with females mated to large males ( 2 ϭ 92.72, P Ͻ 0.01), which could be a result of femalesÕ older age at the start of the experiment (Table 1) . Fig. 1 . Mean fecundity Ϯ SEM (number of eggs/number of blood meals) of females mated to males of differing mating history (i.e., LM/SM-1, females inseminated by a virgin male; LM/SM-2, females inseminated by a male mated once previously; LM/SM-3, females inseminated by a male mated twice previously; LM/SM-4, females inseminated by a male mated three times previously; LM-5, females inseminated by a male mated four times previously). LM experiments were combined, for SM results are presented for both experiments as they were signiÞcantly different. Asterisks indicate signiÞcant differences between treatments for each set at P Ͻ 0.01 level. Blood and Sugar. When females were maintained on blood and sugar, signiÞcant effects of mate order on female life span were observed only for females mated to large males (Fig. 3C) . Females mated to virgin males (LM-1) and females mated fourth in sequence (LM-4) had signiÞcantly higher longevity than females mated Þfth in sequence (LM-5; Fig. 3C ). The hazard of females dying in LM-1 and LM-4 was only 66% of the hazard rate females experienced when mated to a depleted male (LM-5; Table 3 ). Longevity of females mated third in sequence was similar to all other treatments. There were no signiÞcant differences in the life span of females mated to small males with varying mating history (Table 3, Fig. 3D ), although a trend toward increased longevity of females mated to virgin males compared with females mated at the end of the sequence (SM-4) was present at the ␣ ϭ 0.10 level. When data were combined, there were no signiÞcant differences in life span of females mated to males of either body size class (B ϭ Ϫ0.06, W ϭ 0.10, df ϭ 1, P Ͼ 0.05).
Discussion
Our study indicates that a sequence of matings over an 8-hr period depletes components of Ae. aegypti seminal ßuid that affect female fecundity and longevity. Females mated to males at the end of the mating sequence experienced Ͼ50% reduction in fecundity compared with females mated early in the sequence. Fig. 2 . Mean fertility (i.e., hatch rate) Ϯ SEM of eggs from females mated to small or large males of differing mating history. No signiÞcant differences (P Ͻ 0.05) in fertility were observed between treatments or body size classes. Fig. 3 . Longevity of females maintained on 5% sucrose only (A, B) and females maintained on a diet of blood and sugar (C, D). Females were mated to large (A, C) or small (B, D) males with differing mating history. Letters indicate signiÞcant differences at P Ͻ 0.05 level between survival curves of treatments for each graph.
Our results are consistent with previous laboratory observations in Ae. aegypti with regard to the number of females that males could consecutively inseminate before reduced numbers of sperm were observed in spermathecae (Gwadz and Craig 1970 , Jones 1973 , Foster and Lea 1975 . The effect of male mating history on female fecundity has been investigated in other insects with varying results. In the majority of Lepidopteran species studied, reproductive output of females mated to virgin males is higher compared with those that mated with nonvirgin males. This observation is especially frequent for polyandrous species (reviewed in Torres-Vila and Jennions 2005). Conversely, in the hide beetle Dermestes maculatus, no differences in female fecundity are observed with male mating history (Jones and Elgar 2004) . Male mating history has no effect on female fecundity in the tephritid ßy Anastrepha obliqua (Pé rez-Staples et al. 2008), probably as a result of replenished ejaculate because males of this species only mate once each day.
As expected, male body size signiÞcantly affected depletion rate, and females mated to small males in sequence experienced a more rapid loss of fecundity than females mated to large males. Body size in our study was manipulated by altering larval densities. Therefore, the resulting size differences reßect the average effect of density and food, and besides size, both groups of males will differ in other characteristics such as physiology and nutrient stores. Based on the average number of sperm present in males of each size class and the average number of sperm transferred during a Þrst mating (see Harrington 2007, 2009) , small or large males should have had enough sperm to fertilize four or Þve females, respectively, and sustain lifetime egg production of their mates at levels comparable to females mated to virgin males. However, data from other insects suggest that females store only a proportion of sperm transferred (Eady 1994 , Bernasconi et al. 2002 , and data from our laboratory support this Þnding in Ae. aegypti (L.C.H., unpublished data). In the majority of experiments performed, small males were slightly older than large males. It is unlikely though this inßuenced our conclusions, as the greatest increase in sperm occurs in the Þrst days of a maleÕs life (Ponlawat and Harrington 2007) , whereas males in our study were all above 5 d of age.
Even though we observed an effect of male depletion on female egg production, fertility of sperm transferred by depleted males was not compromised, and females laid egg batches with similar hatch rates as females mated to virgin males. Similar observations were made in the hide beetle D. maculatus in which male mating history did not impact fertility (Jones and Elgar 2004) . In contrast, in the butterßy Pararge aegeria, females mated to virgin males produced eggs with a higher fertility than females mated to a once mated male (Lauwers and van Dyck 2006) , and also in A. obliqua fertilization success decreased with mating order (Pé rez-Staples et al. 2008) . Sfps play an important role in sperm storage, retention, and release in Drosophila (Neubaum and Wolfner 1999, Ravi Ram and Wolfner 2007) . Based on the results of one study, Sfps appear to be important for normal sperm function in Ae. aegypti as well; when females were mated to males with surgically removed accessory glands, they produced nonfertilized eggs, although sperm was present in their spermathecae (Adlakha and Pillai 1975) . Previous work also indicated the importance of Sfps in oviposition behavior; when virgin Ae. aegypti females are injected or implanted with accessory glands, they oviposit infertile eggs at levels similar or higher to mated females (Leahy and Craig 1965, Hiss and Fuchs 1972) . Based on this work, it is possible that the observed reduction in fecundity, but not in fertility, was the result of depletion of speciÞc Sfps responsible for inducing oviposition, but not fertility, or a shortage of sperm. Future studies are planned to quantify the amount of sperm and Sfps transferred by individual males to females over multiple matings to determine their relative impact on female fecundity.
Sfps mediate female life span in several Dipterans. In this study, females mated to virgin males had increased longevity over females mated to depleted males when maintained under low-quality (i.e., 5% sucrose) diet conditions. The same trend was visible for females maintained on blood and sugar, but some contradictory Þndings were also observed, and longevity of females mated fourth in sequence to large males was signiÞcantly higher than longevity of females mated third. This was surprising, as we would have expected to Þnd a unidirectional effect of depletion. One explanation for this result may be our Females were maintained on a diet of blood and sugar. For each male size class, a separate model was run. NonsigniÞcant covariates were removed from the model. * and **, Indicate signiÞcant differences at the P Ͻ 0.05 or P Ͻ 0.01 level, respectively. Treatments are compared with the Þnal treatment (i.e., LM-5 or SM-4). CI, conÞdence interval.
a Blood feeding was used as a time-dependent covariate.
sample size, which could have prevented us from seeing a more distinct relationship between longevity and mating history. These differences are typically subtle and require large numbers of insects to be observed (Chapman et al. 1998 ). In addition, we do not know to what extent individual male variation plays a role. Previous studies in Ae. aegypti showed that mated females had greater longevity compared with unmated ones (Lavoipierre 1958, Liles and DeLong 1960) . In A. striata, females that were Þrst to copulate with a virgin male had a higher longevity than his subsequent mates (Pé rez-Staples and Aluja 2004). In other Dipterans, mating results in survival costs. In C. capitata, virgin females live longer than nonvirgin females (Chapman et al. 1998) , whereas female Drosophila that mate at high frequencies have shortened life spans (Fowler and Partridge 1989) , largely because of the transfer of toxic Sfps (Chapman et al. 1995) . Both C. capitata and Drosophila females mate multiply (Markow 1996, Kraaijeveld and Chapman 2004) , and it has been suggested that the reduced female longevity after mating is a side effect of evolutionary conßict between the sexes (Chapman et al. 1995) . Ae. aegypti females, however, are considered to be largely monandrous (Clements 1999) , although monandry has never been assessed in the Þeld, and male-male competition within the female reproductive tract is therefore expected to be rare. In other monandrous species, the transfer of Sfps can enhance female life span (i.e., M. domestica; Arnqvist and André s 2006), or no effect on female longevity is observed (i.e., some monandrous butterßies; Svärd and Wiklund 1991 , Ward and Landolt 1995 , Lauwers and van Dyck 2006 , but see Hughes et al. 2000 . Based on the above studies, it appears that for monandrous insects, mating has a neutral or positive effect on female longevity. This suggests that female life span may be mediated by the receipt of male-derived nutrients in the ejaculate, which become depleted after multiple matings. This idea is supported by the observation that male mating status had a greater impact on longevity of females maintained on a no-protein diet compared with females that could derive nutrients from blood. Although we could have expected to see a trade-off between egg production and longevity, as has been observed in other organisms (Sgro and Partridge 1999 , Eady et al. 2007 , Carey et al. 2008 , Vilela et al. 2008 , females in the depleted treatments that invested fewer resources in egg production did not have increased longevity compared with females from the nondepleted treatments that invested more. Direct observation was used in this study to detect mating events, and a low error rate in determining true copulations was observed. Considering that these events were equally likely to occur in all treatments, and all females were included for analysis, we do not believe this inßuenced our conclusions. Furthermore, no differences were observed in the mating behavior of more depleted males compared with males mated earlier in the sequence, and identical copulation times were recorded. If females with zero fecundity were excluded from the analysis, similar trends in fecundity were observed. However, results were not always signiÞcant because of the large number of females with zero fecundity toward the end of the mating sequence, most likely because males became depleted. Our fertility estimates were not affected by this error rate because virgin females of this strain do not readily lay eggs. A drawback of the design was that when mating en masse, a few males were not captured immediately after mating and could not be removed.
In conclusion, our results indicate that females mated by males depleted in Sfps and/or sperm suffered a cost in fecundity and longevity, whereas fertility (i.e., hatch rate) was not affected. Although it is not clear whether males mate with the same frequency in nature as we observed in our study, our results suggest that smaller males could be at a competitive disadvantage in nature if polygyny is common. Future studies in the Þeld are needed to understand the importance of semen depletion. The results reported in this study contribute to a better understanding of Ae. aegypti mating capacity and dynamics, which is of importance to the development of genetic control strategies. Knowledge of the number of females a male can inseminate will inform modeling exercises to estimate the optimal number of males to release. In addition, these data will advance knowledge of basic reproductive biology and the potential for male and female conßict and cooperation in this medically important species.
